Void growth and coalescence in single crystals are investigated using crystal plasticity based 3D finite element calculations. A unit cell involving a single spherical void and fully periodic boundary conditions is deformed under constant macroscopic stress triaxiality. Simulations are performed for different values of the stress triaxiality, for different crystal orientations, and for low and high work-hardening capacity. Under low stress triaxiality, the void shape evolution, void growth, and strain at the onset of coalescence are strongly dependent on the crystal orientation, while under high stress triaxiality, only the void growth rate is affected by the crystal orientation. These effects lead to significant variations in the ductility defined as the strain at the onset of coalescence. An attempt is made to predict the onset of coalescence using two different versions of the Thomason void coalescence criterion, initially developed in the framework of isotropic perfect plasticity. The first version is based on a mean effective yield stress of the matrix and involves a fitting parameter to properly take into account material strain hardening. The second version of the Thomason criterion is based on a local value of the effective yield stress in the ligament between the voids, with no fitting parameter. The first version is accurate to within 20% relative error for most cases, and often more accurate. The second version provides the same level of accuracy except for one crystal orientation. Such a predictive coalescence criterion constitutes an important ingredient towards the development of a full constitutive model for porous single crystals.
Introduction
Ductile metallic materials fail through a process of nucleation, growth and coalescence of small internal voids. Void nucleation usually results from the fracture or decohesion of second phase particles. Voids then grow by diffuse plastic deformation up to a point where plasticity localizes within the ligament between closely spaced voids. After the onset of coalescence, voids keep growing, mostly towards each other up to final ligament failure or full impingement. Micromechanics-based constitutive damage models involving these three stages (e.g. Tvergaard and Needleman, 1984; Tvergaard, 1990) were developed on the basis of the Gurson model (Gurson, 1977) in 1980s. Much progress has been made in recent years to enhance such models. Nowadays, realistic micromechanics-based damage models, see e.g. Gologanu et al. (1997) , Pardoen and Hutchinson (2000) , Benzerga et al. (2004b) , Monchiet et al. (2008) , Besson (2009, in press) and Tekoglu and Pardoen (in press) , are available to quantitatively predict damage evolution and fracture in polycrystalline metallic alloys with a direct connection to the microstructural features. As recently reviewed by Pineau and Pardoen (2007) , Lassance et al. (2007) or Besson (in press ), stateof-the-art ductile fracture models take into account parameters such as the shape, volume fraction, size, and distribution of voids as well as strain hardening, viscoplasticity, kinematic hardening, and plastic anisotropy.
Nevertheless, limited effort has been devoted up to now to the modelling of damage in single crystals, especially regarding the development of a constitutive model, this, despite a number of important applications, e.g. the control of the ductility at room and high temperature in Ni based single crystal superalloys used in turboengines components. Furthermore, in polycrystalline metals, voids are sometimes much smaller than the grain size either because the grain size is large (e.g. in some Ti alloys, Lenain, 2008) or because the particles from which the voids originate are very small (see the example of some high strength steels in which the second phase particle size is reduced on purpose to dimensions smaller than 1 lm, e.g. Garrison et al., 1997) . In these cases, the plastic strain field around the void develops as if it was embedded in an infinitely large single crystal subjected to approximately homogenous loading conditions.
Only very few experimental studies dealing with the characterization of void growth in single crystals have been reported so far. Crépin et al. (1996) Close Packed (HCP) crystal structure, using flat-tensile samples. They noticed early damage nucleation on the surface followed by tubular void growth and coalescence along the c-axis of the crystal. The voids exhibited hexagonal cross-section corresponding to the three prismatic slip systems. Gan et al. (2006) analyzed the lattice rotation around a cylindrical void inside a pure Al single crystal under compression. The lattice rotation measured by Electron Back Scattering Diffraction (EBSD) is a marker of the plastic activity. Recently, Xu et al. (2009) characterized the void shape evolution using focused ion beam coupled with EBSD to reconstruct the 3D morphology of the void and investigated the link with the local crystal orientation.
Regarding modelling, several studies have already been performed by using Finite Element (FE) cell calculations to address void growth in single crystals, see O'Regan et al. (1997) , Orsini and Zikry (2001) , Gan et al. (2006) and Potirniche et al. (2006a) using ''classical" crystal plasticity constitutive models, usually within a rate dependent formulation. Except for Schacht et al. (2003) , all these calculations are performed under 2D plane strain loading conditions, thus assuming cylindrical voids. O'Regan et al. (1997) analyzed void growth in HCP single crystals with a constitutive theory based on a triple slip system and found that the relative angles between the slip systems are more important in determining the void growth rate than the lattice orientation with respect to the main loading axis. These simulations were performed under uniaxial straining conditions, thus involving large stress triaxiality. Orsini and Zikry (2001) studied void growth and slip activity in a Face-Centered Cubic (FCC) single crystal assuming different void distributions. All the simulations were performed with the same crystal orientation while allowing for overall necking under uniaxial tension. Plastic activity was shown to localize after some amount of deformation in the ligament between neighbouring voids, at 90°from the main loading direction if the voids were very close, and at an inclined angle if the void spacing was larger. Schacht et al. (2003) addressed void growth in FCC single crystals with a pair of microvoids in 3D and found that deformation bands form across microvoids depending on the initial crystal orientation. Gan et al. (2006) studied the growth of cylindrical voids in rigid-ideally plastic FCC single crystals by both using slip-line theory and FE simulations, demonstrating the existence of very heterogeneous stress and strain fields organized in sectors around the void. Potirniche et al. (2006a) studied the effect of five distinct crystal orientations on void growth in FCC single crystals and concluded that voids in certain orientations grow twice as fast as in other orientations under uniaxial tension, whereas under biaxial loading the lattice orientations effect on void growth is negligible.
A few analyses have been performed based on 2D plane strain FE cell calculations using strain gradient enhanced crystal plasticity models, thus accounting for void size effect (e.g. Shu, 1998; Hussein et al., 2008) . Strain gradient effects significantly modify the character of the interaction mechanisms and plastic flow distribution by favoring the development of slip bands between neighbouring voids. Discrete dislocation simulations of the same boundary value problem have also been performed in order to treat the interaction between dislocations, crystal orientation, and void growth in a more physical way (e.g. Segurado and Llorca, 2009; Hussein et al., 2008) , but with the limitation to small strains. Atomistic molecular dynamics simulations with empirical potentials are also currently run to investigate damage evolution in crystals or at the grain boundary between two crystals, see e.g. Farkas et al. (2002) , Potirniche et al. (2006b) , Traiviratana et al. (2008) and Meyers et al. (2009) . Nevertheless, these simulations allows the treatment of only very small voids growing under very high loading rates, still far from most practical applications except perhaps for nanostructured metals.
Most of these studies focused on the evolution of the overall stress level, the void growth rate, and on the selection of active slip systems depending on the crystal orientation relative to the main loading axis. Except for Orsini and Zikry (2001) , these studies relied upon strain based loading conditions, i.e. the displacements at the frontiers of the cell were prescribed so as to maintain a constant strain biaxiality ratio, artificially constraining the process of void coalescence. Indeed, upon coalescence, when plasticity localizes in the intervoid ligament, uniaxial straining conditions set in due to elastic unloading outside the ligament. However, this transition in the deformation mode is prevented if the loading is controlled by applying a fixed strain biaxiality ratio to the cell. Moreover, by applying a constant strain biaxiality ratio, stress triaxiality changes a lot during deformation, which makes the interpretation of the results more difficult. Indeed, stress triaxiality is the dominant parameter dictating the void growth rate. On top of that, the 2D setting of cylindrical voids used in most of these studies (except for Schacht et al. (2003) ) departs from realistic systems. Finally, up to now, almost no effort has been made to build closed-form solutions for void growth and coalescence in single crystals.
The objective of the work reported in this paper is twofold.
(i) The effect of crystal orientation on void growth and on the onset of coalescence is studied using 3D FE cell calculations under periodic boundary conditions. Constant stress triaxiality is imposed over the entire loading history in order to separate crystal orientation effects from effects related to an evolving stress state. The calculations are made for a Body Centered Cubic (BCC) material with properties typical of ferritic steel. (ii) Two versions of the Thomason (1990) criterion for the onset of void coalescence developed initially for isotropic rigid perfectly plastic solids are applied to predict the onset of coalescence in single crystals. The goal is to assess whether this heuristic application is acceptable for further implementation in a constitutive model for porous single crystals. The first version is based on a mean yield stress of the matrix material and involves a fitting parameter to properly take into account material strain hardening, as proposed by Pardoen and Hutchinson (2000) . The second version of the Thomason criterion is based on a local value of the yield stress in the ligament between the voids, avoiding the use of a fitting parameter, in the vein of the approach recently proposed by Pardoen (2008, 2009) or Scheyvaerts et al. (in press ), adapted to the present problem. In both cases, an ''equivalent" isotropic effective plastic response is extracted from the anisotropic single crystal and used within the coalescence criterion.
The paper is organized as follows. Section 2 describes the FE void cell simulation procedures. A parametric study about the effect of crystal orientation on void growth and on the onset of void coalescence is presented in Section 3. The assessment of the criterion for the onset of void coalescence and related discussions are given in Section 4, followed by the conclusions in Section 5.
3D FE void cell model

Numerical procedures
FE void cell simulations have been widely used for almost four decades, starting with the seminal work by Needleman (1972) and followed by many others (e.g. Tvergaard, 1982 Tvergaard, , 1990 Koplik and Needleman, 1988; Worswick and Pick, 1990; Becker and Smelser, 1994; Kuna and Sun, 1996; Sovik and Thaulow, 1997; Pardoen and Hutchinson, 2000; Horstemeyer and Ramaswamy, 2000; Thomson et al., 2003; Kim et al., 2004; Lassance et al., 2006) . Conducting FE void cell simulations is a good alternative to difficult experiments to investigate the response of an ideal, voided material volume element. Void cell calculations provide useful information about the effect of the void volume fraction, void shape, relative void spacing, flow properties of the matrix, and stress state, shedding light on the physics of ductile damage. In addition, void cell simulations offer a basis for assessing the validity of constitutive models, before applying them to more complex and more realistic problems.
Most void cell calculations reported in the literature have been performed using J2 based elastoplastic or elastoviscoplastic flow theory for the matrix surrounding the void, except for a few studies dealing with either a Gurson matrix (e.g. Brocks et al., 1995; Fabrè-gue and Pardoen, 2008) , a Hill type matrix (e.g. Benzerga and Besson, 2001 ), a strain gradient plasticity theory (e.g. Niordson, 2008) , or with a matrix described by crystal plasticity (e.g. O'Regan et al., 1997; Shu, 1998; Orsini and Zikry, 2001; Gan et al., 2006; Potirniche et al., 2006a; Borg et al., 2008 , Hussein et al., 2008 .
In this work, a 3D void cell, see Fig. 1 , has been meshed using ABAQUS/CAE environment (version 6.54) with fully-integrated, first-order brick elements designated as C3D8. The effect of the mesh refinement was assessed. A mesh with 2080 elements constitutes the optimal choice with respect to convergence and simulation time. The mesh is highly refined in the region surrounding the void while care has been taken to keep the shapes of elements as cubical as possible throughout the mesh. The average minimum and maximum angle between the faces of the elements in the optimized initial mesh is 75°and 103°, respectively.
Fully periodic boundary conditions were enforced on the boundaries of the cell by connecting the displacements of pairs of nodes facing one another on opposing outer faces. Constant stress triaxiality T (T ¼ r h =r eff , where r h is the hydrostatic stress and r eff is the effective von Mises stress) is imposed by applying fixed increments of displacement in the main loading direction (3-axis) while the displacement increments in transverse directions are iteratively adjusted using Newton's method until the required triaxiality is attained (see Pardoen and Hutchinson, 2000) . The displacement increments along the transverse directions are imposed to be equal, i.e. equibiaxial deformation is enforced in the plane transverse to the main loading direction. This means that the unit cell is representative, for instance, of a grain embedded in the bulk of a polycrystal showing transverse isotropy. Six values of stress triaxiality are studied: T = 0.75, 1.0, 1.5, 2.0, 2.5, and 3.0. The onset of void coalescence is judged by the transition to uniaxial straining associated to the localization of the plastic flow in the intervoid ligament (see Koplik and Needleman, 1988) , i.e. transverse strains remain constant whereas the applied strain keeps increasing. The overall stress is extracted by volume averaging over all elements.
A single crystal is defined by assigning the same initial lattice orientation to every integration point (see next section for the description of the constitutive law). Each single crystal that is considered presents a different lattice direction parallel to the principal loading axis (3-axis): h1 0 0i; h1 1 0i, and h1 1 1i. More specifically, the crystallographic directions aligned with the 1-, 2- The current porosity is calculated by extracting from the total current volume of the deformed cell the sum of the current volume of all the deformed elements, divided by the total current volume. The current void aspect ratio W 1 ¼ R 3 =R 1 and W 2 ¼ R 3 =R 2 are derived from the dimensions of the void in the deformed configuration.
Constitutive laws
The material of the FE void cell is modelled as a Body Centered Cubic (BCC) crystal with 24f1 1 0gh1 1 1i þ f1 1 2gh1 1 1i slip systems using the crystal plasticity model developed by Delannay et al. (2006) .
1 The elastic-viscoplastic formulation relies on a multiplicative decomposition of the deformation gradient tensor,
where R Ã ; U el and F p represent, respectively, the lattice rotation, the elastic stretch, and the deformation achieved by dislocation slip. Under the assumption of infinitesimal elastic strains, i.e. U el ¼ I þ e el where e el is symmetric and ke el k ( 1, the velocity gradient tensor is closely approximated by:
where M a is the Schmid tensor of slip system a, and _ c a the corresponding slip rate. With C the anisotropic, fourth-order, elasticity operator, one derives the Cauchy stress tensor r from: 1 The crystal plasticity software in the form of User Material (UMAT) subroutine to be used with ABAQUS finite element commercial package was developed by Laurent Delannay, Université catholique de Louvain, Louvain-la-neuve, Belgium.
In order to avoid ambiguity in determining the slip rates (Van Houtte, 1988) , one adopts the viscoplastic expression introduced by Hutchinson (1969) :
In (3), _ c 0 is a reference slip rate, m is the rate sensitivity exponent, and s c is the Critical Resolved Shear Stress (CRSS), which evolves with strain according to the hardening law (5). The CRSS is assumed to be identical along all slip systems. Pencil glide in Body Centered Cubic (BCC) crystal symmetry is approximated by considering 24 potential slip systems of the f1 1 0gh1 1 1i and f1 1 2gh1 1 1i types.
Among the material parameters, s c0 is the initial CRSS set equal to 130 MPa, C 0 is a hardening parameter equal to 0.006, and n is the strain hardening exponent equal to either 0.1 or 0.3. The rate sensitivity exponent m is equal to 0.01, a value sufficiently small to generate almost rate independent results. The elastic constants typical of ferrite are c 11 ¼ 237 GPa; c 12 ¼ 141 GPa, and c 44 ¼ 116 GPa.
Time integration of the constitutive law is fully implicit. In Eqs. (1)- (6), all variables are evaluated at the end of the time step with the exception of R * taken at t þ Dt=2. A consistent tangent operator is derived ensuring rapid convergence of FE computations.
Reference calculations are also performed for a porous random medium by using exactly the same methodology except that each integration point of the FE mesh has a polycrystalline response. Each integration point is assigned a different set of five orientations picked from a very large sampling with a random distribution. The response at each Gauss point is computed using the Taylor ''full constraints" model based on the same crystal plasticity law as the one described above. This modelling strategy has been validated in Delannay et al. (2005) .
Results of the 3D FE void cell simulations
3.1. Overall stress strain behaviour Fig. 2 compares the effective stress/effective strain curves for the three orientations of both porous and non-porous crystals, as well as for the porous and non-porous random textured polycrystal (noted as ''iso" in the figures) under a constant stress triaxiality T equal to 1: (a) for a low strain hardening capacity n = 0.1 and (b) for a high strain hardening capacity n = 0.3. The effective stress is normalized with respect to the initial critical resolved shear stress s c0 . The flow responses (see ''non-porous" curves) corresponding to the three crystal orientations are quite different for both low and high n. As a general trend, the h1 0 0i orientation leads to the softest response and the h1 1 0i orientation to the hardest one. This can be interpreted in terms of the Taylor factor which measures the relative strength of crystals under a given strain mode (see e.g. Van Houtte, 1988) . When a crystal with BCC symmetry undergoes uniaxial elongation, the Taylor factors of the h1 0 0i and h1 1 0i orientations are, respectively, 2.1 and 3.2, whereas the average value in any orientation is 2.8. The Taylor factor of the h1 1 1i orientation is also large (equal to 3.2) but, contrarily to the h1 1 0i orientation, the h1 1 1i orientation is not stable in uniaxial elongation and its Taylor factor reduces with the deformation induced lattice rotation. Hence the h1 1 1i orientation shows a smaller hardening rate than the h1 1 0i orientation. After some amount of plastic deformation, the porous cell shows the expected softening when void growth overrules strain hardening of the matrix. The softening occurs much later with the h1 0 0i orientation compared to the two other orientations and isotropic case. This indicates the lowest void growth rate, as confirmed later in Section 3.3. The effective peak stress depends thus on the crystal orientation. The response of the non-porous h1 1 1i crystal is the closest to the random textured polycrystal. Nevertheless, the h1 1 1i single crystal exhibits early onset of softening followed by a slow decrease of the load carrying capacity.
Similar results are presented in Fig. 3 , but for a high stress triaxiality T = 3 typical of a near-crack-tip region, see e.g. Pardoen and Hutchinson (2003) . First of all, for a given hardening exponent n, the response of non-porous crystal at T = 3 is quite similar to the results obtained at T = 1 (see Fig. 2 ). Changing the stress triaxiality within the range 1-3 while keeping the principal loading direction the same does almost not affect the crystal response when expressed in terms of von Mises stress and strain. The von Mises stress-strain curve is much more different under uniaxial tension, i.e. T = 1/3 (results not shown). Porous crystals experience faster softening at T = 3 compared to T = 1 due to faster void growth rate (see Section 3.3). The difference in the responses among the three different crystal orientations is not significant for T = 3, especially regarding the peak stress. This result agrees with the observation made by O'Regan et al. (1997) for void growth in HCP single crystals. Their calculations were performed under uniaxial straining conditions involving thus larger stress triaxiality.
Finally, Figs. 2 and 3 already provide information regarding the effect of the crystal orientation on the ductility. The onset of void coalescence is indicated on each curve by a hollow circle. As explained in Section 2, the onset of void coalescence is determined by the transition to a uniaxial straining mode (see Koplik and Needleman, 1988 ). Fig. 4 shows the variation of the transverse strain as a function of the tensile strain from which the transition to the uniaxial straining mode is easily detected 2 (a) for T = 1 and (b) for T = 3. Note that as soon as coalescence starts in one ligament, uniaxial straining, associated with elastic unloading of the rest of the cell, sets in and localization simultaneously spreads through the entire ligament plane. As explained in the next section, the anisotropy in the damage evolution within the plane of coalescence is small and there is no clearly preferred coalescence direction. The onset of coalescence for the h1 0 0i orientation occurs much later than for the h11 0i orientation while the h11 1i orientation and the polycrystal lead to an intermediate ductility. Similar trends were observed for the other stress triaxialities T = 0.75, 1.5, 2.0, and 2.5, but not re- Fig. 3 . Effective stress-effective strain curves of porous and non-porous crystals for the different crystal orientations, and the random textured ''iso" polycrystal under T = 3: (a) n = 0.1 and (b) n = 0.3. 2 The only exception is for the h1 1 1i orientation at T = 1 and 1.5 and the h1 1 0i orientation at T = 0.75, where the computation stops before showing evidences of a transition into uniaxial straining. We assume that the calculation stops right at the onset of void coalescence. The calculations cannot be pursued after that point due to numerical difficulties. The numerical problems are probably associated to the marked change of strain path and elastic unloading at the transition to coalescence occurring at a point where the FE mesh is highly distorted with huge plastic strain gradients in the small ligament between voids.
ported for brevity.
Evolution of the void aspect ratio
Figs. 5(a) and (c) show the evolution of the void aspect ratios W 1 and W 2 as a function of the effective strain for T equal to (a) 1.0, (b) 1.5, and (c) 3.0, and a strain hardening exponent n = 0.1. The evolutions are provided for the three crystal orientations as well as for the reference random textured polycrystal.
For symmetry reasons, W 1 is exactly equal to W 2 for the orientation h1 0 0i and for the isotropic case. The difference in the evolution of the void aspect ratios W 1 and W 2 for the orientations h1 1 1i and h1 1 0i is never very significant, except for h1 1 1i at low stress triaxiality. This difference will be neglected in the remainder of the paper. Note that other choices of crystal orientations in the transverse plane could lead to more pronounced differences between W 1 and W 2 ; this was not investigated in the present study. At T = 1, see Fig. 5 (a), significant void elongation occurs in the principal loading direction, for the three crystal orientations, and also for the polycrystal. Changes in the void shape evolutions start showing up slightly before the onset of void coalescence: the void aspect ratio stops increasing as the void starts growing faster in the transverse direction as a result of void interaction effects. Fig. 5(b) shows that, under T = 1.5, the void inside the h1 1 0i oriented crystal tends to become oblate (aspect ratio smaller than 1) while the two other crystal orientations as well as the polycrystal still exhibit void elongation. Crystal orientation and void shape evolution are thus coupled to one another. At T = 3, for every crystal orientations, voids tend to become slightly or moderately (for the h1 1 0i orientation) oblate. Fig. 6 compares the void aspect ratio evolutions (where W is the average of W 1 and W 2 Þ associated with n = 0.1 and n = 0.3 for (a) T = 1 and (b) T = 3. The trends are not changed except that, at Fig. 5 . Variation of the void aspect ratios W1 and W2 as a function of the effective strain, for the different crystal orientations and the random textured ''iso" polycrystal, with n = 0.1: (a) T = 1, (b) T = 1.5, and (c) T = 3. T = 3, a lower strain hardening capacity favors an earlier transition into an oblate void shape. Fig. 7 shows the variation of the void volume fraction as a function of the effective strain for n = 0.1 and n = 0.3, with (a) T = 1 and (b) T = 3. First of all, the void growth rate is smaller for increasing n as already described for isotropic materials, see e.g. Pardoen and Hutchinson (2000) and Lassance et al. (2006) . At T = 1, the void growth rates associated to the three crystal orientations and to the random textured polycrystal are all significantly different from each other in agreement for instance with Potirniche et al. (2006a) . At T = 3, there are still clear differences among the void growth rates. When compared with the results shown in Figs. 5(c) and 6(b), the volumetric growth of the void is more affected by crystal orientation than the change of shape. The fastest void growth rate is always observed for the h1 1 0i orientation as could be anticipated from the early softening and small ductility already seen in Figs. 2 and 3. The differences in void growth rates with respect to crystal orientation directly come from the constraint on plastic flow imposed by the matrix behaviour around the void. Unraveling the underlying mechanics to explain these differences is not an easy task, and requires looking at the mechanics of void growth in anisotropic, plastically deforming materials. A qualitative attempt, based on recent extensions of the Gurson model to plastic anisotropy is given in Appendix A, based on the work by Benzerga and Besson (2001) . Fig. 8 shows the variation of the strain at the onset of void coalescence as a function of stress triaxiality predicted for the various crystal orientations and strain hardening exponents. The strain corresponding to the onset of coalescence is a lower bound of the fracture strain. Indeed, full ligament failure does not occur immediately after the onset of void coalescence, but voids keep growing, sometimes until full impingement. However, this extra ductility is usually relatively small, especially at low stress triaxiality (see e.g. Benzerga, 2002; in press; Nielsen et al., submitted for publication). The well-known exponential decrease of ductility as a function of stress triaxiality (e.g. Rice and Tracey, 1969; Hancock and Mackenzie, 1976; Marini et al., 1985; Huber et al., 2005) is, as expected, observed for all crystal orientations. The most important message conveyed by Fig. 8 is that the huge effect of crystal orientation on ductility has a much larger impact than, for instance, changing the strain hardening exponent from n = 0.1 to n = 0.3. For instance, the most ductile h1 0 0i orientation leads to fracture strains about (depending on the stress triaxiality) two times larger than the least ductile h1 1 0i orientation. The random textured polycrystal shows an intermediate response. This change of ductility is the result of the anisotropy of plastic deformation around the void, controlling its growth rate and its evolving aspect ratio.
Evolution of the void volume fraction
Effect of crystal orientation on the onset of void coalescence
Criteria for the onset of void coalescence in single crystals
Basics about void coalescence
In order to better understand the effect of crystal orientation on ductility, in-depth analysis of the void coalescence process is needed, in particular, in order to assess how the void volume fraction, void shape, and stress level control the onset of void coalescence. The determination of an adequate criterion for the onset of coalescence in single crystals is an important ingredient towards the development of a predictive ductile damage model for single crystals.
The onset of void coalescence interrupts the mechanism of relatively homogenous void growth, leading to the final stage of damage. The onset of void coalescence consists of the transition from diffuse plastic deformation allowing a stable growth of the voids to a localized mode of plastic deformation within the ligament separating two voids or a row of voids, with material off the localization plane usually undergoing elastic unloading. To establish precise terminology, the term ''void coalescence" is reserved for the part of the void evolution that follows the transition to the localized mode of plasticity, and ''void growth" is used to characterize void enlargement before localization. One must also distinguish the onset of void coalescence and the coalescence phase. The first mode of coalescence is the internal necking, where the ligament between the two voids shrinks with a shape typical of a necking process. The second mode of void coalescence consists in a shear localization between large primary voids observed when the initial voids are distributed along lines at 45°from the principal loading directions. This mode of coalescence is frequently observed in high strength materials with low or moderate strain hardening capacity. The third mode, called ''necklace coalescence" (see Benzerga et al., 2004a; Gologanu et al., 2001 ) is less common. It has been observed to take place in rows of closely spaced voids gathering within elongated clusters. It consists of a localization process parallel to the direction of the major principal strain.
These void coalescence mechanisms have been observed experimentally in most polycrystalline metals as well as in FE void cell simulations (see recent review by Pineau and Pardoen (2007) ). There is almost no report in the literature describing the mechanism of void coalescence in single crystal and the formulation of an adapted coalescence condition. In this study, the distribution of voids is such that all cell calculations show only the first, and the most common mode of coalescence by internal necking. Fig. 9 gives an example of the evolution of the plastic strain rate field in the cell (and also of the evolution of the void shape) at different instants before and after the onset of void coalescence, corresponding to the h1 0 0i case, at T = 2. Before the onset of coalescence, the void grows progressively and its shape becomes ellipsoidal. During coalescence, voids evolve towards a diamond shape with plastic flow localized in the ligament while the material off the internal necking region undergoes elastic unloading. In the present analysis, the focus will thus be set only on the internal necking mode of coalescence even though shear coalescence will Fig. 8 . Variation of the effective strain at the onset of coalescence as function of the stress triaxiality T for the different crystal orientations and the random textured ''iso" polycrystal, and for strain hardening exponents n = 0.1 and 0.3. definitely appear in single crystals for other void distributions (e.g. Orsini and Zikry, 2001; Potirniche et al., 2006a) . The onset of coalescence is essentially a plastic localization problem controlled by the current void distribution, and geometry and the load supported by the intervoid ligament. Hence, it seems reasonable to check first whether models developed in the framework of classical isotropic plasticity can be heuristically applied, or must be adapted, or even fully re-derived to take crystal anisotropy into account.
Criteria for the onset of void coalescence
Simple phenomenological criteria
The most simple and widely employed criterion for the onset of void coalescence considers that coalescence starts at a critical porosity (McClintock, 1968) . Several numerical (e.g. Koplik and Needleman, 1988; Tvergaard, 1990; Brocks et al., 1995) and experimental/numerical works (e.g. Marini et al., 1985; Becker, 1987; have tested the validity of this fracture criterion. For well-defined materials (microstructures), this criterion is acceptable from a practical standpoint even though the porosity at the onset of coalescence does moderately vary with stress triaxiality. Fig. 10 shows the variation of the porosity at the onset of void coalescence f c as a function of stress triaxiality for the three crystal orientations with n = 0.1 or 0.3. For the random textured polycrystal, the critical porosity only changes moderately with stress triaxiality. On the contrary, for the anisotropic single crystals with the h1 1 0i and h1 1 1i orientations, the critical porosity significantly changes with stress triaxiality and is markedly affected by the crystal orientation. A constant critical porosity is thus definitely not a viable criterion for predicting the onset of coalescence in single crystals.
The Brown and Embury condition (1973) is based on the assumption that, in a perfectly plastic material, internal necking starts between two neighbouring voids when two microshear bands making a 45°angle with respect to the main loading direction connect the two voids. While initially developed for equiaxed voids, it can easily be generalized to ellipsoidal voids (see 
where v ¼ R=L and W are the current relative void spacing and void aspect ratio, respectively. This criterion provides qualitatively acceptable predictions (see Koplik and Needleman, 1988) and is useful for first order analytical analyses (see Pineau and Pardoen, 2007) .
Thomason criterion ''version 1"
More accurate solutions for the localized plastic flow in the intervoid ligament have been developed by Thomason (1990) , who extensively studied the transition to localization for elasticperfectly plastic isotropic (J2) solids by using slip-line solutions leading to the following condition:
where r n is the overall stress component normal to the localization band, r y is the yield stress, and g is geometric factor which depends on the void arrangement and which is defined such that the term culations. In addition, in condition (8), r 0 is replaced by the current mean yield stress r y of the matrix material estimated from the energy balance proposed by Gurson (1977) 
where D p is the plastic strain rate tensor, r is the Cauchy stress tensor, and _ e p y is the average plastic strain rate of the matrix material. This version of the Thomason model extended or not to strain hardening has been successfully used to predict fracture initiation in many material systems presenting various hardening laws (e.g. Benzerga et al., 2004a,b; Pardoen et al., 2004; Huber et al., 2005; Pardoen, 2006; Nielsen et al., submitted for publication) . It is called hereafter ''Thomason version 1". Here, the effective (Von Mises) stress/effective plastic strain response predicted by the crystal plasticity model for the specific loading condition, see Figs. 2 and 3, is considered as the ''J2 equivalent" flow response used in Eq. (9).
New formulation of the Thomason model for work hardening materials
Another, more elegant way to introduce strain hardening in the Thomason criterion is to consider that the plasticity in the ligament is described by the local value of the yield stress in the ligament separating the voids r loc y rather than by an average value, i.e. r n r loc
Following the results of the cell calculations described by Fabrègue and Pardoen (2008) and Scheyvaerts et al. (submitted for publication) for a matrix characterized by an isotropic plastic behaviour, we assume that the plastic flow confined in the ligament is controlled by the most hardened region. The FE void cell calculations have shown that the location of the largest accumulated plastic strain (giving the largest hardness) is always found near the surface of the void within the smallest cross-section of the ligament (Fabrè-gue and Pardoen, 2008; Scheyvaerts et al., submitted for publication), see Fig. 11 . The local, circumferential and longitudinal strain rate components at that location on the surface of the void, _ e ploc ij , can be related to the applied strain rates _ e ij and to the rate of change of the void dimensions based on simple geometrical arguments, as explained in Fabrègue and Pardoen (2008) and Scheyvaerts et al. (submitted for publication) . Furthermore, the current local yield stress is related to the average accumulated plastic strain e 
through the hardening law. Since W 1 % W 2 ¼ W, coalescence is checked only along the 1-axis. Following Pardoen (2008, 2009) , the local, longitudinal strain rate can be written and the circumferential strain rate (oriented in direction 2) is given by
The last local strain component is determined owing to plastic incompressibility
Local shear strains are neglected. Within the crystal plasticity framework involving anisotropic material response, it is not possible to rely on a unique effective stress/effective strain measure. The only meaningful strength type quantity in crystal plasticity is the current value of the critical resolved shear stress, as given by the hardening law (5). Nevertheless, in order to stick with the framework previously developed by Fabrègue and Pardoen (2008) Fig. 11 . Location of the most plastically deformed region in the plane of coalescence, at the surface of the void in the equatorial plane. Fig. 12 . Variation of the effective strain at the onset of coalescence as predicted by the Thomason criterion ''version 1" based on a mean yield stress value and by the Thomason criterion ''version 2" based on the local yield stress for the two strain hardening exponents, or directly extracted from the FE cell calculations: (a-d) n = 0.1 and (eh) n ¼ 0:3, and for the different crystal orientations (a and e) h1 00i, (b and f) h11 0i, (c and g) h1 1 1i, and (d and h) isotropic case.
for publication), we have adopted the following simplified procedure to determine the J2 equivalent isotropic hardening law. The stress state near the void surface at the intersection with the equatorial plane is never far from equibiaxial strain in the 2-and 3-directions with stress in the direction 1 equal to zero. The effective stress-effective strain response was computed for each crystal orientation and for the random textured polycrystal for those specific loading conditions. This response was used to approximate the stress state in the near void surface region under interest, and to estimate the effective yield stress r loc y corresponding to e ploc y . To summarize, the local strain rates can be calculated using (12)- (14) based only on the void volume fraction, void aspect ratio, and overall strain quantities, which can, ultimately, all be provided from a constitutive model for porous plastic materials. Using (11), the local effective plastic strain rate can be estimated and then introduced into the equivalent isotropic hardening law to estimate the local yield stress entering criterion (10).
This relatively new version of the Thomason model extended to strain hardening is called hereafter ''Thomason version 2".
Assessment of the criteria for the onset of void coalescence
The two versions of the Thomason criterion are now assessed based on the results of the void cell calculations. The two sides of Eq. (8) or (10) are evaluated based on the values of the porosity f, void aspect ratio W, relative void spacing v, 3 overall stress r 3 ¼ r n , and overall strains e 1 and e 3 provided by the FE cell calculations. The results are given in Fig. 12 for (a)-(d) n = 0.1 and (e)-(h) n = 0.3 in terms of the variation of the strain at the onset of coalescence as a function of the stress triaxiality, for all investigated crystal orientations and for the random textured polycrystal. The predictions of the two criteria are also compared to the Fig. 12 (continued) 3 As explained earlier the radius R 1 and R 2 are almost equal in the configurations addressed in the present study, and an average R will be used hereafter to compute v.
An average void spacing 2L will also be calculated by taking into account all neighbouring voids in the cubic arrangement of periodic cells, not only the closest neighbours along the 1-and 2-axis but also the neighbours located at 45°in the undeformed configuration which affects the plastic constraints in the planes 1 and 2,
ðL 1 and L 2 being equal). Using this definition of v, the factor g in (8) and (10) is equal to 1.
direct predictions of FE cell calculations as already plotted in Fig. 9 . The Thomason criterion ''version 1" based on the mean yield stress provides very good agreement with the FE cell calculations, except at T = 0.75 for the h1 1 0i orientation for which the ductility is underestimated by 40%. The almost perfect agreement for the random textured polycrystal was expected. The fitting parameter a of the Thomason ''version 1" model was indeed adjusted earlier based on similar, isotropic cell calculations for the same power law type strain hardening representation (Pardoen and Hutchinson, 2000) .
The predictions of the Thomason criterion ''version 2" based on a local yield stress offers almost the same level of accuracy compared to ''version 1", except for the h1 1 0i orientation with n = 0.1 for which the coalescence strain is significantly underestimated, and for the h1 1 1i orientation with n = 0.3. The Thomason model ''version 2" has no fitting parameters, and can thus be used for any kind of strain hardening law. The Thomason ''version 1" is tied to a power law strain hardening representation. The Thomason version 2 and its implementation could still be improved following at least two lines. First, the local strain rates calculated using (12)- (14) could be applied directly to the crystal plasticity model to estimate the evolution of the critical resolved shear stress, from which the local yield stress can be defined. The second improvement would be to formulate a closed form model taking into account the local shear strain which is related to the rotation of the void following, for instance, the work of Scheyvaerts et al.
(submitted for publication).
The good predictability of the Thomason criterion demonstrates that the onset of void coalescence is essentially dominated by the relative void spacing, void shape, and state of hardening of the intervoid ligament. 4 The present work shows thus that the velocity fields initially proposed by Thomason (e.g. Thomason, 1990 ) to derive the constraint factor for the localized mode of plasticity within the framework of the J2 isotropic perfectly plastic theory are robust enough to allow an heuristic application of the criterion to anisotropic single crystal. Reformulating the Thomason analysis in the framework of crystal plasticity would be an attractive, though challenging theoretical task.
Conclusions
3D unit-cell calculations under fully periodic boundary conditions were performed to study the effect of lattice orientation on the evolution of void growth and coalescence in a single body-centered cubic crystal with an initially spherical void at its center. The main findings of this investigation are:
The void growth rate is heavily dependent on the initial crystal orientation. The plastic anisotropy related to single crystal behaviour and damage evolution are thus strongly coupled. The crystal orientation dependent void growth rate leads to significant differences in ductility defined at the onset of void coalescence: for instance, a factor of about two has been found between the orientations giving the lowest and highest void growth rates in this study. The Thomason model for the onset of void coalescence developed in the framework of J2 isotropic plasticity with no strain hardening can be applied almost as such, even though plasticity in single crystals is heavily anisotropic. The model can be based either on an average yield stress value (involving one strain hardening dependent fitting parameter) or on the maximum local yield stress in the ligament (with no fitting parameter), both calculated using an heuristic equivalent isotropic hardening law. Such a predictive criterion for the onset of coalescence is an essential ingredient towards a full constitutive model for porous single crystals, which also requires developing a proper anisotropic plastic potential, as recently attempted by Yerra (2010) .
void growth rate, in agreement with the results of Fig. 7 . The trend is less clear regarding the h1 1 1i and h1 1 0i orientations.
